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Carex and Salix,	 were	 negligible,	 likely	 due	 to	 use	 of	 different	 niches	 and	 weak	
	interspecific	 interactions.	Results	suggest	 that	a	2°C	 increase	could	cause	a	shift	 in	
dominance	from	sedges	to	woody	plants	on	the	coast	of	western	Alaska	over	decadal	
timescales,	and	this	shift	was	largely	a	result	of	the	direct	effects	of	warming.	Models	
predict	 this	 shift	with	 or	without	 goose	 herbivory.	Our	 results	 are	 consistent	with	
other	studies	showing	an	increase	in	woody	plant	abundance	in	the	Arctic	and	suggest	
that	shifts	in	plant–plant	interactions	are	not	driving	this	change.
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occupy	 the	 same	niche,	 indirect	 effects	 appear	more	 important	and	
can	even	override	direct	effects	(Gilman	et	al.,	2010;	Klanderud,	2005;	
Suttle,	Thomsen,	&	Power,	 2007;	Tylianakis,	Didham,	Bascompte,	&	
Wardle,	 2008).	 In	 communities	with	 strong	 indirect	 effects,	 climate	
change	projections	that	do	not	account	for	these	interactions	will	not	
adequately	 predict	 future	 abundances	 of	 important	 species	 (Levine,	
Adler,	&	HilleRisLambers,	2008;	Mod,	le	Roux,	Guisan,	&	Luoto,	2015;	
Suttle	et	al.,	2007;	Tylianakis	et	al.,	2008).
Over	 the	 past	 150	years,	 northern	 latitudes	 have	 experienced	











expansion	and	 increasing	abundance	of	 shrubs	and	woody	plants	 in	
Arctic	tundra	and	alpine	ecosystems	(Elmendorf	et	al.,	2012;	Myers-	
Smith	et	al.,	2011;	Sturm	et	al.,	2001;	Tape,	Sturm,	&	Racine,	2006),	





composition	 and	 preventing	 shrub	 expansion	 (Christie	 et	al.,	 2015;	
Kaarlejärvi,	 Hoset,	 &	Olofsson,	 2015;	Olofsson	 et	al.,	 2009;	 Post	 &	





the	potential	 to	transform	vegetation	at	 the	 landscape	scale	and	 in-
crease	the	nutrient	content	of	grazed	plants	(Cargill	&	Jefferies,	1984;	
Person,	 Babcock,	 &	 Ruess,	 1998;	 Sedinger	 et	al.,	 2016).	 However,	
















Finally,	 we	 determined	 the	 relative	 importance	 of	 direct	 versus	 in-











season	 from	 late	May	 through	 late	August	 (Terenzi,	 Jorgenson,	&	
Ely,	2014).	Mean	annual	rainfall	 is	41.1	cm	and	snowfall	is	157	cm	
(Terenzi	et	al.,	2014).
The	Y-	K	Delta	 is	 an	 important	breeding	area	 for	migratory	birds	
(Baldassarre,	 2014).	 Our	 site	 provides	 primary	 nesting	 and	 brood-	
rearing	habitat	mainly	for	a	colony	of	Pacific	black	brant	(Branta berni-
cla nigricans)	but	cackling	geese	(B. hutchinsii minima)	are	also	common,	
and	emperor	geese	 (Chen canagica)	and	greater	white-	fronted	geese	
(Anser albifrons)	utilize	the	area	in	small	numbers	during	the	early	sea-
son	 (Ruess,	Uliassi,	Mulder,	&	Person,	1997).	 In	 recent	decades,	 the	
number	of	cackling	geese	and	greater	white-	fronted	geese	breeding	
in	 the	Y-	K	Delta	has	 increased	 (Fischer	&	Stehn,	2014;	Ruess	et	al.,	
1997).	Alaskan	moose	 (Alces alces gigas)	are	common	in	 inland	areas	




on	 the	 active	 floodplain.	The	meadow	 is	 10–20	cm	higher	 than	 ad-
jacent	tidal	channels;	the	soil	is	silty	loam	underlain	with	deposits	of	
silts	and	sands	and	has	neutral	soil	pH	(Jorgenson,	2000).	Soil	mois-
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referred	 as	C. subspathacea	 or	 grazing	 lawn),	which	 is	 the	 preferred	
forage	for	black	brant	geese	and	goslings	(Sedinger	&	Raveling,	1984).
At	our	study	site,	C. ramenskii	is	intermixed	with	the	dwarf	shrub,	
Salix ovalifolia	(hereafter	Carex and Salix).	At	the	peak	of	the	growing	
season	 in	control	plots	 in	2015,	Carex	cover	was	55%	±	16	SD,	Salix 
cover	was	 37%	±	12	SD,	 all	 other	 species	made	 up	 <3%	 cover,	 and	
remaining	cover	was	dead	biomass	or	bare	ground.	While	Salix	is	not	












plot	 (to	 limit	 edge	 effects).	 The	 center	 of	 each	 neighborhood	 was	
marked	so	that	the	exact	subplot	could	be	remeasured.	The	data	ana-
lyzed	in	this	study	is	the	percent	cover	of	both	species	in	each	neigh-
borhood	 subplot	 at	 the	beginning	and	end	of	 the	experiment	using	
the	point-	intercept	method.	Initial	cover	was	measured	shortly	after	




To	 create	 the	warming	 and	 grazing	 treatments,	we	 had	 a	 facto-








over	 the	growing	season	 (mean	minimum	 increase	1°C;	mean	maxi-
mum	increase	5°C).	OTCs	were	not	 left	 in	place	over	the	winter	be-
cause	the	area	floods	frequently	in	the	fall.	We	used	OTCs	because,	






































this	using	the	following	removal	targets:	95%	removal	of	Carex and 0% 
removal	of	Salix,	95%	removal	of	Salix	and	0%	removal	of	Carex,	50%	
removal	of	both	Carex and Salix,	 and	0%	 removal	of	Carex nor Salix 












We	 repeated	 point-	intercept	 counts	 after	 removals	 to	 record	 pos-






























tor	 that	allows	parameters	 to	vary	by	 treatment,	 so	 that	we	could	
simultaneously	fit	all	of	our	experimental	data	for	each	species	using	
a	single	model	(Ritz	&	Streibig,	2008).	The	removal	targets	were	not	
















where Nc,t and Ns,t	 are	 the	 initial	 (postremoval)	 percent	 covers	 of	
Carex and Salix,	 respectively,	 and	Nc,t+1	 is	 the	 final	 percent	 cover	
of	Carex	 at	 the	 end	 of	 the	 second	 growing	 season.	 The	 subscript	







termined	whether	 a	model	 that	 allows	 all	 parameters	 to	 vary	 by	
treatment	 is	more	 favorable	 than	 a	model	 that	 holds	 a	 particular	
parameter	constant	across	treatments	while	allowing	the	other	pa-
rameters	to	vary	by	treatment.	We	repeated	this	process	across	all	
three	 parameters	 for	 both	 species	models.	We	 also	 conducted	 a	
LRT	where	we	completely	removed	each	parameter	from	the	model	
individually.	 In	 all	 cases,	 the	 full	model,	 that	 allowed	 all	 parame-
ters	 to	 vary,	 was	 better	 than	 simpler	 models	 (Table	2).	 Code	 for	 
model	 selection	 and	 simplification	 is	 available	 in	 Supporting	
Information	1.
To	 visualize	 response	 surfaces,	 we	 used	 package	 “plot3D”	 in	 R	
(R	 Development	 Core	 Team	 2014).	 The	 surface	 was	 created	 using	
the	model	 to	predict	 the	 response	variable	 (final	 cover)	 for	 all	 com-
binations	of	 the	explanatory	variables	 (initial	 cover	of	both	 species).	
Response	surfaces	represent	modeling	predictions,	but	experimental	
data	are	represented	in	the	plots	to	show	model	error.
Next,	 we	 calculated	 equilibrium	 abundances	 using	 an	 analyt-





























acc ass− acs asc
lnNs,t=
acc ln λs
ass acc− asc acs
Candidate models f(Xt,Yt) k AICc ΔAICc wi −2lnl
Carex
λe−αcc ln(Nc,t)−αcs ln(Ns,t) 13 −162.15 0.00 1 −187.15





13 −42.08 120.06 0 −68.08
Salix
λe−αss ln(Ns,t)−αsc ln(Nc,t) 13 −286.65 0.00 1 −312.65
















is Ni,t+1,	and	model	structure	is	Ni,t+1 = Ni,t 
f(Xt,Yt)


















by	 treatment;	 they	were	 kept	 at	 the	 parameter	 associated	with	 the	
















In	 these	 modeling	 predictions,	Carex	 was	 largely	 unaffected	 by	 in-











































































p df p df
λ	held	constant 1.01e−6 10 0.02 10
λ	removed 1.81e−9 9 4.76e−6 9
αii	held	constant 2.86e
−6 10 0.04 10
αii	removed 0 9 0 9
αij	held	constant 0.026 10 0.03 10
αij	removed 3.15e
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Under	ambient	conditions	in	both	grazed	and	ungrazed	treatments,	
Salix	 final	 percent	 cover	was	 lower	 under	 high	Carex	 percent	 cover	
due	to	negative	interspecific	effects	(Figure	3a,b,	and	Table	3).	In	the	
warmed,	grazed	treatment,	Salix	was	unaffected	by	Carex	(Figure	3c).	
In	 contrast,	 in	 the	warmed,	 ungrazed	 treatment,	 a	 slight	 facilitative	
effect	was	apparent	 in	that	Salix	 final	cover	was	higher	where	Carex 
cover	was	highest	(Figure	3d).
Warming	affected	some	model	coefficients.	Warming		decreased	
the	 density-	independent	 growth	 rate	 of	 Carex	 (0.62→0.381),	
but	 increased	 the	 density-	independent	 growth	 rate	 of	 Salix 
(0.355→0.772;	 Table	3).	 In	 warmed	 conditions,	 Carex	 experi-
enced	 greater	 intraspecific	 competition	 (0.763→1.087)	 and	 Salix 
experienced	less	intraspecific	competition	(0.791→0.464;	Table	3).	




Grazing	 also	 affected	 model	 coefficients.	 Both	 Carex and Salix 
had	 higher	 density-	independent	 growth	 rates	when	 ungrazed;	 how-
ever,	the	increase	in	growth	rate	when	ungrazed	was	greater	for	Carex 
than	Salix. Carex	experienced	greater	 intraspecific	competition	when	
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3.2 | Model projections
Our	 analysis	 of	 the	 outcome	 of	 species	 interactions	 showed	 coex-














3.3 | Direct and indirect effects
We	 found	 that	 the	 direct	 effects	 of	warming	 and	 grazing	 on	 plant	
growth	were	greater	 than	 indirect	effects	 in	all	 treatments	 for	both	
species	 (Figure	5).	 Direct	 effects	 accounted	 for	 90%–100%	 of	 the	
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4  | DISCUSSION
Our	study	sought	to	determine	how	the	abundances	of	Carex and Salix 
might	 change	 under	 warmed	 conditions,	 with	 and	 without	 herbivory.	
Similar	to	other	studies	investigating	the	interaction	between	sedges	and	
woody	plants	(Elliott	&	Henry,	2011),	we	found	that	Carex	was	the	domi-
nant	 species	under	 ambient	 conditions	based	on	modeling	predictions	
as	well	as	raw	experimental	data	(Figure	S3).	Using	experimental	data	to	
parameterize	competition	models,	we	found	that	models	predicted	that	










Species	 with	 different	 functional	 types	 or	 growth	 strategies	 may	
respond	 differently	 to	 warmed	 conditions	 (Burt,	 Dunn,	 Nichols,	




Model Parameter Estimate Lower CL Upper CL RSE/df
Carex ramenskii λambient,grazed 0.625* 0.449 0.864 0.183/345
λambient,ungrazed 1.144* 0.931 1.399
λwarm,grazed 0.381* 0.263 0.544
λwarm,ungrazed 0.704* 0.560 0.878
αcc	ambient,grazed 0.763* 0.587 0.923
αcc	ambient,ungrazed 0.534* 0.413 0.648
αccwarm,grazed 1.087* 0.918 1.247
αcc	warm,ungrazed 0.776* 0.672 0.873
αcs	ambient,grazed 0.045 −0.058 0.147
αcs	ambient,ungrazed 0.023 −0.043 0.087
αcs	warm,grazed 0.097 −0.088 0.202
αcs	warm,ungrazed 0.162* 0.093 0.232
Salix ovalifolia λambient,grazed 0.355* 0.210 0.589 0.151/345
λambient,ungrazed 0.534* 0.380 0.750
λwarm,grazed 0.772* 0.437 1.341
λwarm,ungrazed 0.934* 0.628 1.378
αss	ambient,grazed 0.791* 0.597 0.972
αss	ambient,ungrazed 0.740* 0.601 0.870
αsswarm,grazed 0.464* 0.248 0.665
αss	warm,ungrazed 0.578* 0.414 0.731
αscambient,grazed 0.207* 0.011 0.390
αsc	ambient,ungrazed 0.126 −0.001 0.243
αsc	warm,grazed −0.005 −0.248 0.227
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and	 other	 deciduous	 shrubs	 across	 the	 Arctic	 (Elmendorf	 et	al.,	


























4.3 | Direct and indirect effects
In	modeling	 projections	 of	 our	 system,	 direct	 effects	 of	 warming	
were	more	important	than	the	indirect	effects	of	warming	mediated	
by	plant–plant	interactions,	as	has	been	found	in	other	graminoid-	
dominated	 systems	 (Chu	 et	al.,	 2016).	 Direct	 effects	 explained	
an	 average	 of	 97%	of	 the	 total	 change	 in	 cover.	 These	 direct	 ef-
fects,	which	resulted	in	Salix	becoming	the	dominant	species,	were	
driven	 by	 a	 reduction	 in	 the	 density-	independent	 growth	 rate	 of	
Carex	 and	 an	 increase	 in	 the	 density-	independent	 growth	 rate	 of	
Salix	in	warmed	conditions.	They	were	also	driven	by	a	reduction	in	
intraspecific	 competition	 for	Salix,	 but	 an	 increase	 in	 intraspecific	
competition	for	Carex.
More	 specifically,	 warming	 and	 grazing	 together	 had	 negative	
effects	on	Carex	by	reducing	the	growth	rate	and	increasing	the	per	
capita	effect	of	 intraspecific	competition.	Therefore,	Carex increased 
substantially	 in	the	ambient,	ungrazed	condition	and	declined	 in	the	













Our	model	 of	 plant	 responses	 to	warming	 reflects	 changes	we	 ob-
served	 in	 treatments	 that	 increased	 temperatures	by	1.75°C	during	
the	spring	and	summer	only.	While	our	results	show	a	shift	 in	plant	








There	were	some	 limitations	 to	our	herbivory	 treatments.	The	
dominant	 herbivores	 in	 our	 system	are	 geese.	While	 some	goose	
species,	 such	 as	 black	 brant,	 forage	 almost	 exclusively	 on	 Carex 
during	 the	 breeding	 season,	 other	 species,	 like	 greater	 white-	
fronted	geese	and	cackling	geese,	are	less	restrictive	in	their	diets	
and	 their	 populations	 are	 increasing	 (Fischer	&	 Stehn,	 2014).	We	
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because	 no	 studies	 have	yet	 quantified	 how	much	Salix geese or 
mammalian	 herbivores	 at	 the	 site	 consume.	 However,	 because	
warming	 increased	 Salix	 cover	 above	Carex	 with	 or	without	 her-
bivory,	this	treatment	did	not	qualitatively	change	our	conclusions.	
Finally,	we	only	simulated	tissue	removal	and	fecal	addition.	Future	
studies	 should	 investigate	 the	 importance	 of	 goose	 trampling	 on	
these	species.
4.5 | Future climate and herbivore change
Our	models	suggest	that	an	instantaneous	increase	in	temperature	of	
1.75°C	could	 result	 in	 a	 shift	 from	sedge	 to	deciduous	 shrub	domi-



































lian	 herbivores.	 Future	 changes	 in	 the	 relative	 abundance	 of	 these	
plant	 species	 have	 implications	 for	 how	many	herbivores	 and	what	
types	of	herbivores	these	landscapes	can	support.
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